Abstract: A 120-GHz-band close-proximity wireless system that achieves the first 10-Gbit/s real-time transmission satisfying the regulation for extremely low-power radio stations (ELRS regulation). The use of photonic technologies enables the transmitter to perform 10-Gbit/s quadrature-phase-shift keying (QPSK) modulation and generate an RF spectrum with negligibly small spurious signals. The phase of the emitted signal fluctuates with changes in the external environment, which interferes with the demodulation using a reference signal. To overcome phase fluctuation at the transmitter, we use differentially coherent detection for the demodulation. We verified that the level of the measured RF spectrum of the integrated transmitter was below the level defined by the ELRS regulation. The transmitter and the receiver demonstrated error-free wireless transmission over a distance of 10 mm with a link margin of 11 dB.
Introduction
The demand for high-speed wireless transfer over short distances is expanding to catch up with the increasing data size of files used by electronic equipment. To meet the demand, wireless technologies for short-distance applications are being developed in the microwave and millimeter-wave regions. TransferJet [1], a close-proximity wireless transfer technology with the available bit rate of 560 Mbit/s, has already been installed in commercial electronics. TransferJet meets the low-intensity radio-wave regulation and has the highest bit rate among low-intensity wireless systems. In the 60-GHz band, wireless systems based on Wireless HD, IEEE802.15.3c and WiGig, which can transmit multi-gigabit data over a short distance, have been reported [2] [3] [4] . Those wireless systems have employed multi-level modulations, such as quadrature-phase-shift keying (QPSK), 16-quadrature-amplitude modulation (16QAM) and 16QAM orthogonal frequency division multiplex (OFDM), to increase the available bit rate. A promising ways to achieve the bit rate of more than 10 Gbit/s is to widen the operating bandwidth for the wireless transmitter. However, the maximum bandwidth that can be used for a radio station is defined by frequency allocation. In this paper, we present a 10-Gbit/s close-proximity wireless system using QPSK. This wireless transmitter uses 120-GHz-band radio waves and meets the regulatory requirements for extremely low-power radio stations (ELRS regulation) in Japan [5] . When the level of the electric field intensity is below the level allowed in this ELRS regulation, a license is unnecessary. To our knowledge, this is the first report of 10-Gbit/s real-time wireless transmission that meets the ELRS regulation.
System architecture
A 10-Gbit/s close-proximity wireless transmitter should have a wide operating bandwidth at a high frequency to decrease the functional bandwidth of the transmitter. Thus we set a carrier frequency of the transmitter to 128 GHz. To meet the ELRS regulation, the level of the electric field intensity at a distance of 3 m from the radio equipment must be below the level defined by the ELRS regulation [5] . For example, the acceptance criterion of the level at 128 GHz is 448 μV/m in the ELRS regulation. To satisfy the acceptance criterion, a peak power in a modulated spectrum should be smaller than -46 dBm/MHz at 128 GHz when a 3.5-dBi-gain antenna is used. In such regulation, amplitude-shift keying (ASK) is unsuitable for modulation because a modulated spectrum of ASK has a strong carrier component at a center frequency. For the modulation scheme of the transmitter, we selected QPSK because it basically has no strong carrier component and has a higher spectral efficiency than that of binary modulation scheme. In addition, there is a problem that unnecessary signals with intensity larger than the maximum level of a modulation spectrum will limit an output power of the transmitter. Therefore, a wireless system meeting the ELRS regulation needs to have a modulator that has high linearity and high isolation to use large output power. Fig. 1(a) shows a block diagram of the proposed wireless transmitter. The feature of this configuration is the use of photonic technologies for generation and modulation. This configuration enables to obtain a high-frequency signal with high-speed QPSK modulation easily. In addition, since the optical modulator for the QPSK modulation has broad operating bandwidth, sufficient linearity, and high isolation, the transmitter provides an accurate QPSK spectrum with negligibly small spurious signals and carrier leakage. The transmitter is composed of a single-mode laser, an arrayed waveguide grating (AWG), an optical combiner, and a uni-traveling carrier photodiode (UTC-PD) [6] . The output of a single-mode laser is modulated at a frequency of 64 GHz with an LiNbO optical intensity modulator. The modulated optical signal is fed into the AWG with the channel spacing of 64 GHz. The AWG outputs two optical signals whose frequency interval is 128 GHz. One of the signals is amplified and modulated by an optical QPSK modulator according to 5.55-Gbit/s I and Q data. The optical combiner combines the modulated signal (S 2 ) and the other signal (S 1 ). The combined signals are amplified, limited to eliminate spurious emissions outside of the operation band by an optical filter with a passband of 3.3 nm, and fed to the UTC-PD. The UTC-PD conducts photo-mixing and outputs 11.1-Gbit/s QPSK modulated signal (S MMW ) at a center frequency of 128 GHz. The optical spectra at the output of the intensity modulator and the combiner are shown in Fig. 1(b) . In this configuration, the phase of the carrier fluctuates with changes in the external environment, which interferes with the demodulation using a reference signal. The main cause of the phase fluctuation is a change in effective total lengths of S 1 and S 2 with changes in temperature. After the photo-mixing, output signal from the UTC-PD is expressed as follows:
Transmitter
where A is the amplitude of the S MMW including with conversion loss at photo mixing, f 1 and f 2 are center frequencies of the optical signal of S 1 and S 2 , D(t) represents the phase relating the data symbol for QPSK, θ is a phase offset, and φ(t) represents random phase fluctuations due to changes in the external environment. Fig. 2 shows measured phase fluctuation [φ(t) in Eq. (1)] of the signal emitted from the UTC-PD when the modulation is off. Even though it was measured in a laboratory, the phase of the carrier drastically changes with time in this transmitter. In this case, the fluctuating velocity of φ(t) reaches up to 1000 degree/s.
Receiver
To overcome the problem mentioned above, we use a receiver with insensitivity to the phase fluctuation. The receiver employs differentially coherent detection, which detects the phase difference between the current received symbol and the previously received symbol. As the receiver with differentially coherent detection, we used our previously reported 10-Gbit/s QPSK receiver mounted in a waveguide package [7] . Fig. 3 shows a block diagram of the receiver fabricated on microwave monolithic integrated circuits (MMICs) using 0.1-μm-gate InP high-electron-mobility transistors (HEMTs). The receiver MMIC receives incoming signal and amplifies it with the low-noise amplifier (LNA). The signal is split into two at a dual-output amplifier (DOA). One part is delayed by the duration of the 5.55-Gbit/s data symbol. The other part goes through a variable phase shifter. After that, each signal is split again, and the four signals are fed into the IQ detector. Differentially coherent detection has lower sensitivity than that of coherent detection. However, this demodulation method has two advantages: a simpler architecture than that of coherent detection because carrier-recovery circuits are not needed, and insensitivity to the phase fluctuation of modulated signal. At the IQ detector, the phase difference between the current received symbol and the previously received symbol is as follow:
where T is symbol length, which is 180 ps for 11.1-Gbit/s QPSK. In Eq. (2), the term related to the phase fluctuation is φ(t)-φ(t+T). However, this fluctuation is negligibly small in the wireless link because the T=180 ps is sufficiently small for the fluctuating velocity of φ(t) of 1000 degree/s.
Measurement results

Spectrum of the RF signal
We first measured the spectrum of a modulated RF signal to confirm whether it meets to the ELRS regulation. For this measurement, we used a spectrum analyzer with an external mixer. The resolution bandwidth in the measurement was set to 1-MHz. Fig. 4 shows the measured spectrum of RF signal when the bit rate and the total output power are 11.1 Gbit/s and -15 dBm, respectively. We used pseudo-random binary sequence (PRBS) 2 31 -1 for the input data. We also calculated a spectrum mask meets to the ELRS regulation when an open-ended waveguide antenna with a gain of 3.5 dBi is used for the transmitter antenna. The measured RF spectrum meets the calculated spectrum mask and has no strong spurious signals or carrier leakage. Two spurious components at the null point of the main lobe structure are caused by the waveform distortion of the baseband signals and imbalance between I and Q signals. However, the effect of the spurious components is negligible for the data transmission characteristics because the power of the spurious component is 50-dB smaller than that of total power of the modulated signal. The maximum peak power in the spectrum is -48 dBm/MHz at 128 GHz. In the calculation, the electric field intensity of the maximum-peak signal at the distance of 3 m is 344 μV/m when a 3.5-dBi-gain antenna is used. This level is below the defined level, which is 448-μV/m in the ELRS regulation. This experimant shows that the transmitter using photonic technologies can handle the avirable output power of up to -13 dBm under the ELRS regulation.
3.2 10-Gbit/e real-time transmission Next, we evaluated the bit-error rate (BER) of the 10-Gbit/s QPSK transmission meeting the ELRS regulation. Fig. 5(a) shows a schematic of the measurement system with the link distance of 10 mm. To meet the ELRS regulation, we set the maximum output power of the transmitter to -15 dBm. The transmitter and the open-ended waveguide antenna were connected through a waveguide variable attenuator to measure the relationship between the BER and output power. We used the receiver antenna with a gain of 20 dBi. In addition, we put limiting amplifiers for the baseband signals after the receiver module. Differentially coherent detection of 11.1-Gibit/s QPSK needs 5.55-Gbit/s differentially encoded data for the I and Q channel. We thus made encoded data (I* and Q*) and input them to the I and Q ports of the optical modulator. Due to the limitation of the pulse pattern generator, we used PRBS 2 7 -1 pattern for the generation of the encoded data. Figure 5(b) shows the relationship between the output power of the transmitter and the measured BERs. The transmitter and the receiver demonstrate excellent BERs, which are smaller than 10 -10 at the output power of -26 dBm for both the I and Q channel. That means that the RF signal has sufficient quality for wireless transmission with an extremely small BER. The link margin of 11 dB is also sufficient for practical use in a stable data transmission. To evaluate the stability of the transmission, we set the output power of the transmitter to -23 dBm (link margin of 3 dB) and measured the number of bit errors. The measured bit errors were zero over the measurement time of 1 h. This result indicated that the receiver overcome the phase fluctuation at the transmitter and conduct stable wireless transmission.
Conclusion
System architecture for 120-GHz-band 10-Gbit/s wireless transmission that meets the ELRS regulation has been proposed. The transmitter using photonics technologies generated 120-GHz-band signal modulated by 10-Gbit/s QPSK with negligibly small spurious signals. We used a receiver employing differentially coherent detection to overcome the phase fluctuation that occurs at the transmitter. The measured RF spectrum shows that the QPSK-modulated signal generated by the transmitter meets the ELRS regulation when the output power is -15 dBm. For the link distance of 10 mm, we demonstrated the first 10-Gbit/s real-time transmission that satisfies the ELRS regulatory requirements with the link margin of 11 dB. We also verified that the use of the receiver employing differentially coherent detection provided stable wireless transmission over the measurement time of 1 h. The relationship between the output power of the transmitter and the measured bit-error rate for 11.1-Gbit/s PRBS 2 7 -1.
